The electronic properties and photocatalytic activity of nitrogen (N) and/or tungsten (W)-doped anatase are calculated using density functional theory. For N-doping, isolated N 2p states above the top of the valence band are responsible for experimentally observed red-shifts in the optical absorption edge. For W-doping, W 5d states below the conduction band lead to band gap narrowing; the transition energy is reduced by 0.2 eV. Addition of W to the N-doped system yields significant band gap narrowing gap by 0.5 eV. This rationalizes recent experimental data which showed that N/W-doped titania exhibits higher visible-light photocatalytic efficiency than either N-or W-doping alone. 
Keywords: N/W-doped, electronic structure, TiO 2 Titania (TiO 2 ) has received intense attention as a promising photocatalytic material for years [1, 2] . However, as a wide band gap semiconductor (3.20 eV), anatase allows only absorption of ultraviolet irradiation, which amounts to ~5% of solar energy. Further, its photoexcited electron-hole pairs recombine relatively easily. To extend optical absorption of TiO 2 -based materials to the visible-light region, doping with metals and nonmetals [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] has been used widely. However, reported studies of codoping with both metal and nonmetal elements are very rare. N-doped TiO 2 is considered to be one of the most effective photocatalysts and it has been investigated widely, both by experimental and theoretical methods [9] . However, the nature of N-induced modifications to the electronic band structure depends on the doping content. Either band gap narrowing [9] or formation of localized midgap states [10] have been proposed for red-shifts of the optical absorption edge. Asahi et al. [9] concluded from first-principles calculations that N atoms were substituted for lattice O atoms causing narrowing of the band gap by mixing of N 2p and O 2p states.
Conversely, Irie et al. [10] have suggested that the visible-light response in N-doped TiO 2 may be due to N 2p states isolated above the valence band maximum. In principle, WO 3 coupling has been used widely to improve the photocatalytic performance of TiO 2 , because it reduces the recombination of electron-hole pairs [14] and expands the range of useful excitation radiation to the visible region. Recently, many experiments have focused on the addition of W to N-doped TiO 2 to increase photocatalytic activity under visible light irradiation [15, 16] This study focuses on the energetic and electronic structure of doped anatase using density functional theory (DFT) calculations, and rationalizes the origin of experimentally observed red-shifts in the optical absorption edge and synergetic effects of N/W-codoping. We also discuss the thermodynamic properties of N-, W-, and N/W -doped TiO 2 from analysis of calculated formation energies.
All of the spin-polarized DFT calculations were performed using the projector augmented wave (PAW) pseudopotentials as implemented in the Vienna ab initio Simulation Package (VASP) code [17, 18] . The Perdew and Wang parameterization [19] of the generalized gradient approximation (GGA) [20] was adopted for the exchange-correlation potential. The electron wave function was expanded in plane waves up to a cutoff energy of 400 eV and a Monkhorst-Pack k-point mesh [21] of 4  4  4 was used for geometry optimization [22, 23] and electronic property calculations. The optimized lattice parameters for pure anatase were found to be a = 3.800 Å and c = 9.483 Å, in good agreement with experimental and other theoretical results [24, 25] , indicating that our methodology is reasonable.
The doped systems were constructed from a relaxed (2  2  1) 48-atom anatase supercell. The N atom was substituted for O atoms and the W atom was substituted for Ti atoms. N/W-doped TiO 2 was modeled by single substitution of N for one O atom, and its adjacent Ti atom was replaced by one substitution of an W atom per supercell, because calculations show that the formation of an adjacent pair of N and W is energetically favorable by 0.57 eV vis-à-vis other N-W configurations; this 3 finding is supported by Raman and X-ray diffraction (XRD) measurements [16] . The supercell system is shown in Fig. 1 .
To determine systems' relative stability, we calculated dopant formation energies; these may be viewed as the relative difficulty for different ions to incorporate into anatase, and is a widely accepted gauge of energetic stability. The formation energies of substitutional dopant defects are
where is the total energy of the system containing the N, W, or N/W impurity and To compare modifications in the band structure and the origin of red-shifts in the absorption light edge with different doping configurations, we calculated the density of states (DOS) and the projected density of states (PDOS); these are plotted in Fig. 2 .
The calculated band gap of pure anatase is 2.0 eV, as shown in Fig. 2a , which is similar to other theoretical results [11] , but underestimates the experimental value of 3.20 eV, due to well-known limitations in DFT. However, in this study, we focus on changes in the band gap upon doping, so the GGA method is expected to largely cancel the band gap error between different systems. Further, recent theoretical work focused on nonmetal codoping with transition metals has shown that standard DFT methods can deal fully with these doped systems [26] . To study further the variation of N 2p impurity states with different behavior in the same N doping content in N-and N/W-doped TiO 2 , we have plotted the total charge and spin density in Fig. 3 . The inclusion of an N atom in the lattice results in a paramagnetic impurity and a doublet ground state. The unpaired electron has a strong N 2p character, and is largely localized on the N atom (Fig. 3a) , with the spin density centered fully there (Fig. 3b) . For N/W-doped TiO 2 , however, the electron density is more localized on the N than W atom (Fig. 3c) . Bader charges [27, 28] are summarized in Table 2 . They shows that the N ion has a charge of -1. helps to rationalize experimental reports of W doping leading to red-shifts in the optical absorption edge [5, 6] and N/W-codoping enhancing the absorption region and photocatalytic activity [15, 16] .
In summary, we have calculated the electronic properties of N-, W-, and 
